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a b s t r a c t 
Molecular dynamics simulations were conducted to investigate the effects of stacking fault energy (SFE) 
as a single variable parameter on the interaction between an edge dislocation and a Frank loop of self- 
interstitial atoms with a diameter of 8.0 nm. The physical contact between the edge dislocation and the 
loop causes constriction of the edge dislocation, followed by the formation of a D-Shockley partial dislo- 
cation. The latter process is associated with either the formation of a screw component and its cross-slip, 
or the direct core reaction between the dislocation and the loop. These processes induce either the ab- 
sorption of the loop into the dislocation or the transformation of the loop into a perfect loop. The SFE 
inﬂuences the interaction morphologies by determining the separation distance of the two partial dislo- 
cations and consequently the rate of constriction. The dependence of the interaction morphology on the 
SFE varies with the habit plane of the loop. A higher SFE increases the probability of the absorption or 
transformation interaction; however, only loop shearing is observed at the lower limit of the SFE range 
of austenitic stainless steels. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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2. Introduction 
In austenitic stainless steels, which are used as in-core struc-
ural materials of light water reactors (LWRs), we observe two sig-
iﬁcant changes in their mechanical properties due to neutron ir-
adiation. The ﬁrst is an increase in yield stress, which is mainly
aused by irradiation-induced defects impeding the glide motion
f dislocations. The other is the localization of the plastic deforma-
ion in shear bands, above a certain irradiation dose. This is caused
y the removal of irradiation-induced defects by dislocations that
xist on or near the glide planes of the dislocation. The removal
f these defects makes subsequent dislocations move more easily
n these narrow regions [1] . The dominant irradiation-induced mi-
rostructures are self-interstitial atom (SIA)-type Frank loops oc-
urring within the temperature range of LWRs [2–4] ; thus, it is
mportant to evaluate the interaction with a dislocation to inves-∗ Corresponding author. Fax + 81 3 5841 2904. 
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8.0-nm-diameter Frank loop of self-interstitial atoms, Nuclear Materialsigate the micro-mechanisms responsible for the aforementioned
hanges. 
Molecular dynamics (MD) simulations for pure face-centered-
ubic (FCC) metals have shown that there are three types of inter-
ction morphologies between an edge dislocation and an SIA-type
rank loop: loop drag, transformation, and loop shearing [5,6] . The
oop drag and transformation interactions require the conversion of
n SIA-type Frank loop into a perfect loop. This process is initiated
y local constriction of the two partials into a dislocation, and it is
ompleted with sweeping the stacking fault of the loop either by
 single D-Shockley partial or by two Shockley partials [6] . Since
he separation distance between the two partials is inversely pro-
ortional to stacking fault energy (SFE) [7] , the SFE inﬂuences the
robability of constriction and the resultant interaction morphol-
gy [8,9] . 
The SFE of austenitic stainless steels ranges from 16–25 mJ/m 2 
t room temperature to 31–34 mJ/m 2 at approximately 330 °C [10] ,
hich is lower than that of other pure FCC metals such as Ni or
l. Although the SFE of Cu is as low as the upper limit of the SFE
f austenitic stainless steels, the SFE of austenitic stainless steels
s still lower, particularly at room temperature. Therefore, it isnder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
energies on the interaction between an edge dislocation and an 
 and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.10.010 
2 S. Hayakawa et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–6 
ARTICLE IN PRESS 
JID: NME [m5G; October 25, 2016;17:54 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the simulation cell. The Burgers vector of the disloca- 
tion follows the CA direction in the Thompson tetrahedron. The planes BCD, ABD, 
and ABC are denoted by the Greek letters α, γ , and δ, respectively. 
Table 1 
Summary of the interaction morphologies. S, D , and 
T denote the loop shearing, drag, and transforma- 
tion, respectively. 
SFE (mJ/m 2 ) 14 .6 24 .8 44 .1 186 .5 
α-plane S S or D D D 
γ -plane S S S D or T 
δ-plane S S S S 
3
 
p  
S  
S
3
 
S  
p  
i  
T  
c  
f  
a  necessary to evaluate the effect of the SFE on the interaction to
utilize the data obtained with the Cu potential. 
In this study, we conducted MD simulations by using recently
developed embedded atom method (EAM)-type interatomic poten-
tials to investigate the effect of the SFE on the interaction of an
SIA-type Frank loop with a diameter of 8.0 nm with an edge dislo-
cation. We performed a detailed analysis of the change in the in-
teraction morphologies associated with the core reaction between
the dislocation and the 8.0-nm-diameter loop. 
2. Simulation methods 
We used the EAM-type potentials developed by V. Borovikov et
al. [11] . The SFE ranges from 14.6 mJ/m 2 to 186.5 mJ/m 2 , while
other material properties were kept almost identical. Four inter-
atomic potentials with SFEs of 14.6, 24.8, 44.1, and 186.5 mJ/m 2 
were used in this study. The SFEs of the three lower potentials
are within the range for typical austenitic stainless steels, and the
potential with the highest SFE was chosen to clarify the charac-
teristic behavior in low-SFE metals. By using these potentials, we
evaluated the effects of the SFE as a single variable parameter on
the interaction between an edge dislocation and a SIA-type Frank
loop. 
The large-scale atomic/molecular massive parallel simulator
(LAMMPS), which was developed by Sandia National Laboratories
and designed for parallel computers [12] , was used in this study.
Fig. 1 shows a schematic diagram of the simulation cell. The x, y ,
and z axes were taken as the [1 0 −1], [1 −2 1], and [1 1 1] direc-
tions, respectively. Periodic boundary conditions were used in the x
and y directions, whereas a free boundary condition was applied in
the z direction. The cell lengths were set at 74.1, 22.3, and 22.1 nm
for the x, y , and z directions, respectively. An edge dislocation was
placed in the cell with the Burgers vector of  b = a 0 / 2[ 10 ¯1 ] parallel
to the x -axis and a line parallel to the y -axis [13] . A hexagonal SIA-
type Frank loop with the 〈 121 〉 directions on their edges was also
inserted on the α-, γ -, and δ-planes ( Fig. 1 ). The center of the loop
was on the glide plane of the dislocation. The initial distance be-
tween the core of the dislocation and the loop was approximately
37 nm. 
Prior to the application of shear strain, the cell was maintained
at 100 K for approximately 70 ps with a pressure almost zero. The
microcanonical ensemble without temperature control was chosen
for the simulations. Shear stress σ xz was applied to the cell by
exerting forces to the upper and lower layer of the z planes at
a constant strain rate of 4.0 × 10 6 s −1 . Time integration was per-
formed by using the Verlet algorithm at a constant time step of
1.0 ×10 −14 s. Although the time step set in this study is slightly
longer than that in previous studies [5,6] , we conﬁrmed that the
energy is conserved within 0.01 eV at each time step. 
The common neighbor analysis (CNA) was employed for vi-
sualization [14] . In a color version, the blue regions indicate a
hexagonal-closed-pack (HCP) structure, which is synonymous with
a stacking fault in an FCC structure. The red regions indicate nei-
ther an FCC nor HCP structure, which describes the core of the dis-
location or the loop in most cases. For the Burgers vector analysis,
the dislocation extraction algorithm (DXA) was employed [15,16] . 
Different distributions of the initial atomic velocity sometimes
resulted in different interaction morphologies [17] . Hence, we re-
peated the calculations at least twice for each condition by chang-
ing the random seed of the initial velocity distribution. If a signif-
icant difference in the interaction morphology was obtained (the
cases of the α-plane at an SFE of 24.8 mJ/m 2 and those of the
γ -plane at an SFE of 186.5 mJ/m 2 ), we conducted up to ﬁve re-
peated calculations, and all the obtained interaction morphologies
and their reaction probabilities are presented in the results section.Please cite this article as: S. Hayakawa et al., Effects of stacking fault 
8.0-nm-diameter Frank loop of self-interstitial atoms, Nuclear Materials. Results 
Table 1 summarizes the interaction morphologies for each habit
lane. The probability of loop shearing increases with decreasing
FE. In the following subsections, we will show the effect of the
FE on the detailed interaction morphologies in each habit plane. 
.1. Interaction of the loop on the α-plane 
Fig. 2 shows snapshots of the interaction on the α-plane at an
FE of 44.1 mJ/m 2 . When the dislocation starts to move and ap-
roaches the loop because of the applied shear strain, the lead-
ng partial bends owing to the repulsive interaction ( Fig. 2 (a)).
hen, the dislocation physically touches the loop, which locally
onstricts the dislocation at its top, where the screw component is
ormed ( Fig. 2 (b)). The dislocation starts to cross-slip on the plane
long the loop edge, which is different from the original slip plane.energies on the interaction between an edge dislocation and an 
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Fig. 2. Sequential snapshots of the interaction on the α-plane at an SFE of 44.1 mJ/m 2 . The left- and right-hand side ﬁgures show the DXA and CNA visualization, respectively. 
T  
e
a  
 
l  
t  
t  
(  
f  
s  
c  
s  
p  
d  
o  
d
 
o  
e  
c  
e  
s  
d  
D  
t  
l  
r  
w  
a
 
l  
i  
t  
t  
f  
n  
r  
l  hrough this process, a D -Shockley partial is created on the loop
dge by the following reaction ( Fig. 2 (c)): 
 0 / 2[ 10 ¯1 ] + a 0 / 3[ ¯1 ¯1 1 ] → a 0 / 6[ 1 ¯2 ¯1 ] . (1)
The screw component again changes the slip plane to the next
oop edge, where it progressively creates another D -Shockley par-
ial as it continues to cross-slip ( Fig. 2 (d)). These D -Shockley par-
ials eliminate the stacking fault of the loop toward the bottom
 Fig. 2 (e)) until this half part of the loop becomes completely un-
aulted (right half of Fig. 2 (f)). The right half of the loop is ab-
orbed by the dislocation. As the shear strain increases, the dislo-
ation detaches from the remaining half of the loop, and a double
uperjog forms on the dislocation ( Fig. 2 (g)). The interaction mor-
hology for the case with the highest SFE of 186.5 mJ/m 2 is fun-
amentally the same. Note that this type of interaction was previ-
usly observed by Nogaret et al. in Cu with an SFE of 44.4 mJ/m 2 ,
espite the difference in loop size and temperature [5] . 
Fig. 3 shows the difference in the interaction at the lowest SFE
f 14.6 mJ/m 2 . D -Shockley partials are created on the two loop
dges according to the reaction in Eq. (1) , which is same for thePlease cite this article as: S. Hayakawa et al., Effects of stacking fault 
8.0-nm-diameter Frank loop of self-interstitial atoms, Nuclear Materialsase with an SFE of 44.1 mJ/m 2 in Fig. 2 (d). They temporarily
liminate the stacking fault of the loop ( Fig. 3 (a)). However, the
eparation distance between the two partials is so large that the
ipole segments of the leading partial join and close before the
-Shockley partials complete unfaulting the loop ( Fig. 3 (b)). The
emporarily unfaulted part of the loop returns to the original Frank
oop when the trailing partial detaches (right half in Fig. 3 (c)). This
esults in the loop shearing interaction. This type of interaction
as previously observed by Terentyev et al. in Fe-20Cr-10Ni with
n SFE of approximately 20 mJ/m 2 [6] . 
For the interaction at an SFE of 24.8 mJ/m 2 , repeated calcu-
ations provided different results in the interaction morphologies,
.e., either loop drag (1/5) or loop shearing (4/5), depending on
he initial velocity distribution of the atoms. These results indicate
hat the critical SFE at which the interaction morphology changes
rom loop shearing to loop drag is near 24.8 mJ/m 2 for an 8.0-
m-diameter loop. Note that the critical SFE exists within the SFE
ange of austenitic stainless steels—at least for an 8.0-nm-diameter
oop—which indicates that even if we use the Cu potential, whichenergies on the interaction between an edge dislocation and an 
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Fig. 3. Sequential snapshots of the interaction on the α-plane at an SFE of 14.6 
mJ/m 2 . The left- and right-hand side ﬁgures show the DXA and CNA visualization, 
respectively. In (c), the dislocation has moved out from the visualized region near 
the loop. 
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whas been used as a prototype low-SFE metal, it is diﬃcult to reveal
the lowest SFE behaviors on this habit plane. 
3.2. Interaction of the loop on the γ -plane 
Fig. 4 shows snapshots of the interaction on the γ -plane at an
SFE of 186.5 mJ/m 2 . When the dislocation starts to move and ap-
proaches the loop because of the applied shear strain, the leading
partial bends owing to the attractive interaction ( Fig. 4 (a)). Then,
the two partials are constricted at both of the intersection points
( Fig. 4 (b)). The constricted dislocation detaches from the bottom
and continues to glide inside the stacking fault of the loop. Dur-
ing this process, the dislocation reacts with the loop, creating a
D-Shockley partial by the following reaction ( Fig. 4 (c)): 
a 0 / 2 
[
10 ¯1 
]
+ a 0 / 3 
[
1¯ 11 
]
→ a 0 / 6 
[
12 ¯1 
]
. (2)
The D-Shockley partial eliminates the stacking fault of the en-
tire half of the loop, which results in creating a perfect component
(right half in Fig. 4 (d)): 
a 0 / 6 
[
12 ¯1 
]
+ a 0 / 3 
[
1 ¯1 ¯1 
]
→ a 0 / 2 
[
10 ¯1 
]
. (3)
The same process progressively occurs on the other half of the
loop (left half in Fig. 4 (e)). Then, the entire loop converts to a per-
fect loop with the Burgers vector of a 0 / 2 [ 10 ¯1 ] , which is parallel to
that of the dislocation. The loop edge is cut at the top, and each
end is separately connected to the dislocation ( Fig. 4 (f)). When the
dislocation glides because of the further application of shear strain,
the loop may (2/5) or may not (3/5) be absorbed, depending on the
initial velocity distribution. If it is absorbed, the connected shapePlease cite this article as: S. Hayakawa et al., Effects of stacking fault 
8.0-nm-diameter Frank loop of self-interstitial atoms, Nuclear Materialsf the loop is retained through the glide motion of the dislocation
 Fig. 4 (g-1)), whereas if it is not absorbed, the perfect loop remains
fter the dislocation detaches ( Fig. 4 (g-2)). 
Fig. 5 shows snapshots of the interaction at the lower SFE of
4.1 mJ/m 2 . Constriction of the two partials seldom occurs at the
oop edges ( Fig. 5 (a)) because the separation distance between the
wo partials is larger than that at the higher SFE. Consequently,
he reaction described in Eq. (2) is not induced. Instead, the lead-
ng partial detaches ( Fig. 5 (b)), followed by the trailing partial
 Fig. 5 (c)). This results in the loop shearing interaction. The inter-
ctions at the lowest two SFEs are fundamentally the same. 
The interaction on this plane is categorized into two groups:
he high SFE of 186.5 mJ/m 2 , and low SFEs of 44.1 mJ/m 2 or lower.
oth Cu and austenitic stainless steels for all possible range of SFEs
elong to the low SFE group. Therefore, the atomistic interaction
or the austenitic stainless steels can be simulated by using Cu po-
entials on this habit plane. 
.3. Interaction of the loop on the δ-plane 
Fig. 6 shows snapshots of the interaction on the δ-plane at an
FE of 186.5 mJ/m 2 . In this case, the normal vector of the habit
lane is perpendicular to the Burgers vector of the dislocation.
hen the dislocation enters the stacking fault of the loop because
f the applied shear strain, neither the shape of the loop nor that
f the dislocation changes strongly ( Fig. 6 (a)). The dislocation de-
aches from the loop with the formation of a step on the loop
dge ( Fig. 6 (b)). This interaction is observed for all the SFEs, so it
s likely a common feature of FCC metals. 
. Discussion 
We conﬁrmed the existence of three types of interaction mor-
hologies that occur between an edge dislocation and an SIA-
ype Frank loop: loop drag, transformation, and loop shearing. One
echanism for the loop drag, which occurs on the α-plane, is the
ocal constriction of the dislocation, followed by the screw com-
onent cross-slip. Unfaulting of the loop is accomplished by a sin-
le D-Shockley partial sweeping the loop—a mechanism that was
reviously observed by Nogaret et al [5] . In this study, a differ-
nt mechanism for the loop drag is observed on the γ -plane. The
eaction between the dislocation and the loop directly creates a
-Shockley partial inside the loop, which by itself completes the
nfaulting of the entire loop. Although this type of interaction is
bserved only at the highest SFE and not for the SFE ranges of
ustenitic stainless steels, we found that the unfaulting of an SIA-
ype Frank loop occurs without formation of screw components
r its cross-slip. Since these mechanisms start from constriction of
he dislocation, followed by the formation of a D-Shockley partial,
he SFE is a crucial parameter for determining the interaction mor-
hologies by controlling the probability of constriction. 
The critical SFE, which changes the interaction morphologies
rom loop shearing to loop drag, depends on the habit plane.
he critical SFE for the α-plane in particular lies within the SFE
ange of austenitic stainless steels. A previous study showed that
oop shearing is the dominant interaction with an edge dislocation,
hile loop drag is observed only on the α-plane in Cu with an SFE
f 44.4 mJ/m 2 [5] . However, even on the α-plane, we found that
he loop drag may not occur for austenitic stainless steels with a
ower range of SFEs. 
In this study, the temperature was set to just above the zero
elvin at 100 K. However, higher temperatures, including the oper-
ting temperature of nuclear reactors, may change the critical SFE,
hich will be evaluated in a future study. energies on the interaction between an edge dislocation and an 
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Fig. 4. Sequential snapshots of the interaction on the γ -plane at an SFE of 186.5 mJ/m 2 . The left- and right-hand side ﬁgures show the DXA and CNA visualization, respec- 
tively. A snapshot from a different angle is shown in (a) to clearly visualize the attractive interaction. In (g), two different interaction morphologies depending on the initial 
velocity distribution are shown by means of CNA visualization: (g-1) and (g-2). 
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d. Conclusions 
We conducted MD simulations at 100 K to investigate the ef-
ects of the SFE on the interaction between an edge dislocation and
n 8.0-nm-diameter SIA-type Frank loop with the 〈 121 〉 directions
n their edges, by using the recently developed EAM potentials for
CC metals. The interaction morphologies and their dependency on
he SFE differ among the habit planes of the loop. 
For interactions on the α-plane, higher SFEs induce the loop
rag interaction through the constriction of two partial disloca-
ions, formation of the screw component and its cross-slip, fol-
owed by the formation of a D -Shockley partial. The loop shear-
ng interaction is observed at lower SFEs. The critical SFE, whichPlease cite this article as: S. Hayakawa et al., Effects of stacking fault 
8.0-nm-diameter Frank loop of self-interstitial atoms, Nuclear Materialshanges the interaction morphologies, is near 24.8 mJ/m 2 . For in-
eractions on the γ -plane, higher SFEs induce the loop drag or
ransformation interaction through the constriction of two partial
islocations at the loop edges, followed by the formation of a D-
hockley partial. This reaction is not induced for the SFEs of 44.1
J/m 2 or lower, resulting in the loop shearing interaction instead.
or interactions on the δ-plane, no signiﬁcant change in the shape
f the dislocation or in the shape of the loop is observed through
he physical contact. The loop shearing interaction occurs, which is
ndependent of the SFE. 
For austenitic stainless steels, the interaction on the γ - and δ-
lanes is loop shearing, whereas on the α-plane, it is either loop
rag or loop shearing depending on the SFE within their range. energies on the interaction between an edge dislocation and an 
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Fig. 5. The CNA visualizations of the interaction on the γ -plane at an SFE of 44.1 
mJ/m 2 . Two snapshots from a different angle are shown in the left- and right-hand 
side ﬁgures in (a). 
Fig. 6. The CNA visualizations of the interaction on the δ-plane at an SFE of 186.5 
mJ/m 2 . 
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